Abstract: Few studies have assessed the lagged effects of levels of different urban city air pollutants and seasons on asthma hospitalization in children. This study used big data analysis to explore the effects of daily changes in air pollution and season on childhood asthma hospitalization from 2001 to 2010 in Taipei and Kaohsiung City, Taiwan. A time-stratified case-crossover study and conditional logistic regression analysis were employed to identify associations between the risk of hospitalization due to asthma in children and the levels of air pollutants (PM 2.5 , PM 10 , O 3 , SO 2 , and NO 2 ) in the days preceding hospitalization. During the study period, 2900 children in Taipei and 1337 in Kaohsiung aged ≤15 years were hospitalized due to asthma for the first time. The results indicated that the levels of air pollutants were significantly associated with the risk of asthma hospitalization in children, and seasonal effects were observed. High levels of air pollution in Kaohsiung had greater effects than in Taipei after adjusting for seasonal variation. The most important factor was O 3 in spring in Taipei. In children aged 0-6 years, asthma was associated with O 3 in Taipei and SO 2 in Kaohsiung, after controlling for the daily mean temperature and relative humidity.
Introduction
The World Health Organization estimated that 235 million people suffer from asthma worldwide [1] . Asthma is the most common chronic disease among children, and is also one of the major reasons for school absence, emergency medical treatment, and hospitalization during childhood. Research has indicated that asthma is responsible for 10 million missed school days per year in the USA [2] . In Taiwan, according to the National Health Insurance statistics, outpatient/emergency room visits or hospitalizations due to asthma totaled 1069 per 100,000 population in 1998, and increased to 3731 per 100,000 population in 2013, a three-fold increase in 15 years [3] . In the US, 10.5 million (14%) children have been diagnosed with asthma [4] .
Many environmental factors have been linked to asthma causation [5] , and it is necessary to identify environmental factors that could trigger an asthma attack. Children are known to be more sensitive to air pollution than adults [6, 7] , and a number of studies have already demonstrated that ambient air pollution contributes to childhood asthma morbidity [5, 8, 9] . In addition, children residing in urban communities experience particularly high incidence rates of asthma, and ambient air pollution levels have been found to be associated with hospitalization due to asthma [6] . However, different region-specific environmental factors may play important roles in the disease. Most previous studies were performed in a single city with a small sample size, and few studies have assessed the lagged effects of levels of different urban air pollutants and seasons on the incidence of asthma attack and asthma hospitalization in children over a long period of time in a large sample.
We hypothesized that the different urban air pollutants and seasons have different effects of on asthma hospitalization. Therefore, this study aimed to investigate the association between hospitalization for childhood asthma and air pollution over a 10-year period using a large-scale database. We integrated the National Health Insurance Research Database (NHIRD) and air pollution and weather data from governmental open data using big data analysis methods. The objective of this study was to assess the impacts of environmental air pollution and season on hospitalization due to asthma for the first time in children between 2001 and 2010 in two different urban cities in Taiwan, Taipei, a business-and traffic-intensive city, and Kaohsiung, a large, heavily-industrial city, using a time-stratified case-crossover study design.
Taipei is the capital city of Taiwan, which sits at the northern tip of Taiwan; it has a population of approximately 2,702,000, and an average monthly temperature of 23.5 • C. Kaohsiung City is located in southern Taiwan, and is the second largest city on the island; it is characterized by heavy industry, with a population of approximately 2,770,000. Kaohsiung has a tropical monsoon climate, being dry in the winter, and hot and wet in the summer and autumn, with an average monthly temperature of 25.1 • C.
Materials and Methods

Asthma Hospitalization Data
This study was a retrospective population-based cohort analysis and ecological study of the associations between asthma hospitalization and different urban air pollutants and seasons. Childhood asthma hospitalization data were obtained from the National Health Insurance Research Database (NHIRD) established by the National Health Insurance Administration, Ministry of Health and Welfare, Taiwan. Taiwan launched a single-payer National Health Insurance program on 1 March 1995. As of 2014, 99.9% of Taiwan's population were enrolled. The database of this program contains registration files and original claims data for reimbursement, and is maintained by the National Health Research Institutes (NHRI), Taiwan [10] . The NHIRD includes various data subsets, such as inpatient expenditure by admission (DD), details of inpatient orders (DO), ambulatory care expenditure by visit (CD), and details of ambulatory care orders (OO). In this study, we used the inpatient expenditure by admission DD data subset from 2001 to 2010, cases being identified when the ICD-9-CM code for asthma (493.XX) was listed as the major diagnosis in children under the age of 15. However, patients' addresses were not available from the database, and therefore we assumed that a patient's area of residence was close to the location of the hospital to which they were admitted. In order to avoid the confounding factor of readmission, from the registries of contracted medical facilities (HOSB) located in Taipei and Kaohsiung, first-time hospitalization events for asthma occurring from 2001 to 2010 were identified. The study protocol is shown in Figure 1 . 
Data Protection and Permission
Data in the NHIRD that could be used to identify patients or care providers, including medical institutions and physicians, is scrambled before being sent to the NHRI for database inclusion, and is further scrambled and encrypted before being released to each researcher. It is impossible to query the data alone to identify individuals at any level using this database. All researchers who wish to use the NHIRD and its data subsets are required to sign a written agreement declaring that they have no intention of attempting to obtain information that could potentially violate the privacy of patients or care providers.
The study was of a retrospective cohort study design. The protocol was evaluated by the NHRI (Application and Agreement Number: NHIRD-104-183), who gave their agreement to the planned analysis of the NHIRD. Data protection and permission were also approved by the Institutional Review Board (IRB) of Taipei General Hospital, which has been certificated by the Ministry of Health and Welfare, Taiwan (IRB Approval Number: TH-IRB-0015-0003).
Air Pollution and Weather Data
Data on levels of air pollutants were obtained from Taiwanese Environmental Protection Administration air quality monitoring stations for the two cities: Taipei has 7 monitoring stations, and Kaohsiung has 13. Taipei City covers a total area of 271.7997 km 2 , and is divided into 12 administrative districts, the average size of which is 22.64 km 2 . Kaohsiung city covers a total area of 2951.85 km 2 , and is divided into 38 administrative districts, the average size of which is 77.68 km 2 . We selected air pollutant monitoring stations located in the same administrative division as the hospital to which patients were admitted. Each station takes hourly measurements of air pollutants, giving 24-h average daily concentrations of the following pollutants: particulate matter ≤2.5 µm (PM 2.5 ), particulate matter ≤10 µm (PM 10 ), ozone (O 3 ), sulfur dioxide (SO 2 ), and nitrogen dioxide (NO 2 ). We excluded subjects admitted to hospitals that had no air quality monitoring station in the same administrative division or for which pollutant data were incomplete due to equipment failure or being under repair.
The ambient daily temperature and relative humidity were used to control for meteorological conditions. Daily mean temperature and relative humidity data were provided by the Central Weather Bureau. Taipei has 14 monitoring stations, and Kaohsiung has 7. Because the temperature change within the same season is not so obvious in the same city, our weather variables data came from nearby hospital weather monitoring stations.
Statistical Analysis
We used a time-stratified case-crossover study design, which was proposed by Maclure [11] for the study of transient effects on the risk of acute events; it is characterized by the fact that each subject serves as his or her own control according to fixed individual characteristics, such as age, gender, lifestyle, socio-economic status, genetics and physiological status, etc. In this study, a case period was defined as the day of an asthma hospitalization, and the control period was when the patient did not experience a case-defining event; the control period was selected from other days of the same month and on the same day of the week as the case period. We used a two-week bi-directional approach with four control days in total (both one and two weeks before and after) that were matched to the case day.
Data were managed using the Impala Hadoop big data management system and retrieved via the RDBMS (Relational Database Management System), and conditional logistic regression analysis was performed using the software R, Version 3.3.2. Results are reported as odds ratios (ORs) and 95% confidence intervals (CIs) associated with an interquartile range (IQR) increase in PM 2.5 , PM 10, O 3 , SO 2 , and NO 2 during the case day (lag day 0) and on each of the three days preceding asthma hospitalization (lag day l, lag day 2, and lag day 3).
We chose the lag days based on prior literature [12] , as this is the most common period that has been found to be significant in previous studies. All tests were conducted at a significance level of 0.05.
We performed stratified analysis by age group and season to control for seasonal effect. In the age-stratified analysis, the patients were stratified into three age groups: 0-6 years (preschool), 7-12 years (primary school), and 13-15 years (junior high school). Modified effects of season were examined using a four-level indicator variable for spring (March until May), summer (June until August), autumn (September until November), and winter months (December until February).
A single pollutant model and two-pollutant model were designed and adjusted for potential confounding factors, such as daily mean temperature and relative humidity. Table 1 presents the characteristics of the children admitted to hospital due to asthma during the study period. In total, there were 2900 first-time hospitalizations of children aged 0-15 years due to asthma in Taipei, and 1337 in Kaohsiung. In the study, the patients were divided into three age groups: 0-6 years (preschool), 7-12 years (primary school), and 13-15 years (junior high school). There were more hospitalizations due to asthma in Taipei than in Kaohsiung in each age group. The highest numbers of hospitalizations for asthma were in the groups aged from 0 to 6 years in both cities. There were more hospitalizations due to asthma of male patients than female patients in both cities. In terms of seasonal distribution, asthma hospitalizations in the two cities were concentrated in autumn (September, October, November) and winter (December, January, February), while the lowest incidence was seen in summer (June, July, August). 2 . These data indicated that air pollution in the heavily-industrial city of Kaohsiung was more severe than that in the business-and traffic-intensive city of Taipei. After season-stratified analysis, different concentrations of pollutants were observed in different seasons in the two cities: the PM 2.5 concentration was higher in Kaohsiung in each season except for summer; the PM 10 and SO 2 concentrations were higher in Kaohsiung in all seasons; and the O 3 and NO 2 levels were higher in Taipei in spring and summer, and higher in Kaohsiung in autumn and winter. Table 3 presents the results of analysis of the single-pollutant model in terms of the associations between air pollutants and the risk of childhood asthma hospitalization in both cities. No modification effect of season was observed after adjusting for daily mean temperature and relative humidity. SO 2 was associated with childhood asthma hospitalization in Kaohsiung on lag day 1 (OR = 1.333, CI = 1.055-1.685). There were no significant associations between air pollution and asthma in Taipei.
Results
Hospitalization Characteristics
Air Pollution Exposure
According to age-stratified analysis (Table 3) , in the 0-6 years age group, O 3 was significantly positively associated with the timing of asthma admission in Taipei on lag day 3 (OR = 1.479, CI = 1.115-1.962), and SO 2 was significantly positively associated with the timing of asthma admission in Kaohsiung on lag day 1 (OR = 1.595, CI = 1.177-2.163). In the 7-12 years age group, PM 10 was significantly positively associated with the timing of asthma admission in Kaohsiung on lag day 1 (OR = 1.660, CI = 1.001-2.750). In the 13-15 years age group, O 3 was significantly negatively associated with the timing of asthma admission in Kaohsiung on lag day 3 (OR = 0.098, CI = 0.015-0.646). According to season-stratified analysis, in spring (Table 4 ), only the O 3 level on the second day (OR = 1.646, CI = 1.008-2.688) and third day (OR =1.908, CI = 1.178-3.091) before asthma hospitalization exhibited a significant impact on asthma hospitalization in Taipei; there were no significant associations between the levels of PM 2.5 , PM 10 , SO 2 or NO 2 and asthma hospitalization in Taipei or Kaohsiung. In summer (Table 5) , there were no significant associations between the levels of PM 2.5 , PM 10 , SO 2 , O 3 , or NO 2 and asthma hospitalization in Taipei or Kaohsiung. In autumn (Table 6) (Table 7) , only O 3 was significantly associated with the timing of asthma admission on lag day 2 (OR = 0.433, CI = 0.217-0.862). PM 2.5 , PM 10 , SO 2 , and NO 2 were not significantly associated with childhood asthma hospitalization in either city. Table S1 ), autumn and winter were selected for the analysis of O 3 , SO 2 , and NO 2 after controlling for PM 2.5, temperature, and relative humidity in the two cities. The results are shown in Table 8 . After controlling for PM 2.5 , daily mean temperature, and relative humidity, the effect of NO 2 in autumn was significantly associated with the timing of asthma admission on lag day 2 (OR = 1.942, CI = 1.155-3.265) and lag day 3 (OR = 2.054, CI = 1.242-3.397) in Taipei, and significantly associated with asthma hospitalization on lag day 3 (OR = 2.782, CI = 1.061-7.293) in Kaohsiung. In winter, O 3 was significantly associated with asthma hospitalization on lag day 2 (OR = 0.437, CI = 0.219-0.872) in Taipei. 
Discussion
This study compared the effect of exposure to air pollution on hospitalization due to childhood asthma in two cities in Taiwan with different urban patterns. This study comprehensively investigated the association between hospitalization due to childhood asthma and air pollution using a large-scale database. The results showed differing associations between asthma hospitalization in children and air pollution levels in two cities of Taiwan, Taipei, a business-and traffic-intensive city, and Kaohsiung, a large, heavily-industrial city, which are located in different geographical areas and have different climatic conditions. In this study, children aged 0-6 years had a higher rate of hospitalization due to asthma than children in the 7-12 and 13-15 years age groups. Aged-stratified analysis showed that the association between air pollution and childhood asthma hospitalization differs. Air pollutants have many effects on the health of both adults and children, but children's vulnerability is unique [13] . Children are more likely to be sensitive at a young age [14] , because only 80 percent of the alveoli in the lungs are formed after birth, and the lungs continue to change and develop through adolescence; lungs of very young children are highly vulnerable to damage [15] . We also found that there were more childhood hospitalizations of male patients than female patients in Taipei and Kaohsiung, a result consistent with previous studies performed in New York, Texas, Toyama (Japan), and the Basque region of Spain [4, [15] [16] [17] .
The major mechanisms of individual air pollutants responsible for triggering asthma exacerbations are thought to be associated with oxidative injury to the airways, leading to inflammation, remodeling, and an increased risk of sensitization [18] .
Season-stratified analysis showed that the association between air pollution and childhood asthma hospitalization has seasonality, the largest effects being observed in spring in Taipei and in autumn in Kaohsiung. The NO 2 level was higher in Kaohsiung in autumn, and was found to be associated with asthma hospitalization on lag day 3 in Kaohsiung, a finding consistent with previous reports. According to a review of 22 studies [19] , NO 2 showed a significant association with asthma exacerbation in children. In Fukuoka City, from 2001 to 2007, in children under 12 years of age, a 10 µg/m 3 increase in NO 2 on lag days 2-3 was significantly associated with an increase in asthma hospitalization [20] . In Taiwan, from 2001 to 2002, in patients aged <18 years, asthma hospitalization was significantly associated with seasonal changes in the concentrations of NO 2 , O 3 , SO 2 , and PM 10 , the most strongly correlated air pollutant variable being PM 10 , followed by O 3 and SO 2 [21] ; however, that study did not distinguish between different regions and age groups. In our study, PM 10 was significantly positively associated with the timing of asthma admission in Kaohsiung in the 7-12 years age group, but according to season-stratified analysis, PM 2.5 and PM 10 were negatively associated with asthma hospitalization in autumn in Taipei. In Toyama, Japan, from February to April, 2005 to 2009, a statistically significant association between asthma hospitalization and a heavy dust event was observed in children aged 1-15 years [17] . In a similar study, it was found that from 2006 to 2010 in Kaohsiung, higher levels of PM 2.5 and PM 10 enhanced the risk of hospital admission for asthma only on cool days (i.e., days with a mean temperature below 25 • C), with no significant associations being found on warm days (i.e., days with a mean temperature above 25 • C) [22] . In Taipei, from 2006 to 2010, increased asthma hospitalization was significantly associated with the PM 2.5 level [23] , but that study did not distinguish between different age groups. Our results were inconsistent before and after controlling for PM 2.5 in autumn and winter, and variations in seasonal and regional effect estimates may partially arise from the chemical composition of particulate matter (PM). PM is a complex mixture of solid and liquid particles suspended in air. The size, chemical composition, and other physical and biological properties of particles vary with location and time [24] . This heterogeneity in PM components may cause different health effects through various pathways [25, 26] , and it has been suggested that there is a degree of heterogeneity in the effect of particulate matter on mortality within the same country [20] .
Different air pollutants were associated with asthma in Taipei and Kaohsiung in children aged 0-6 years. O 3 showed a significant association with asthma exacerbation only in children aged 0-6 years in Taipei, and SO 2 showed a significant association with asthma exacerbation only in children aged 0-6 years in Kaohsiung. The main sources of SO 2 in the developed world are primary emissions during energy production or industrial processes [18] . The heterogeneous results between cities could be due to Kaohsiung's heavy industry. In fact, the SO 2 concentration was higher in Kaohsiung in all seasons. According to a systematic review study, SO 2 was significantly associated with asthma exacerbation in children aged 0-18 years [19] . In our study, O 3 was positively associated with asthma hospitalization in children aged 0-6 years in Taipei, but a negative association with asthma hospitalization in 13-15-year-olds was observed in Kaohsiung. According to season-stratified analysis, O 3 was positively associated with asthma hospitalization on lag days 2-3 in spring, but a negative association with asthma hospitalization was observed in winter in Taipei. Regarding the effects of O 3 on childhood asthma hospitalization, previous studies have reported inconsistent results. In New York City, the risk of asthma hospitalization in 5-17-year-old girls was found to be significantly associated with O 3 in the warm season (May-September), but a negative association was observed in boys aged 5-9 years, and O 3 was not found to be associated with childhood asthma hospitalization in Canada [27] . In Basque country (a region of Spain), O 3 was negatively correlated with childhood asthma, but was not correlated with adult asthma [16] . According to a review of 87 studies [28] , O 3 was found to be significantly associated with an increased risk of asthma-related hospitalization in 71 studies. Because the level of O 3 is affected by sunlight, temperature, and other air pollutants, the relationship between the O 3 level and childhood asthma hospitalization requires further research.
The strength of this study was that it provided a long-term analysis of the risk of childhood asthma hospitalization in relation to air pollution in two cities of differing urban patterns, and the study findings can be generalized to other cities of similar urban natures. However, there were some limitations of our study. An exposure measurement bias was present, as we used the air pollutant concentrations measured at the monitoring station closest to the hospital to which a patient was admitted as a proxy of personal exposure, and thus these data did not represent the actual exposure of children with asthma. A series of studies suggested that risk estimates based on fixed-site ambient air pollution measurements are smaller than those estimated using personal measures [29] . It is therefore recommended that the actual exposure concentration be measured using personal devices in the future.
Conclusions
Our study, which was of a case-crossover design and controlled individual characteristics, demonstrated that children aged 0-6 years had a higher rate of hospitalization due to asthma than children of other ages. The associations between air pollutant concentrations and asthma hospitalization in children differed between the traffic-intensive city of Taipei and the heavily-industrial city of Kaohsiung in Taiwan. High levels of air pollution were found to have greater effects on childhood asthma in Kaohsiung than in Taipei after adjusting for seasonal variation. The results of our study suggested that measures should be taken to prevent asthma hospitalization in children aged 0-6 years in areas with high levels of O 3 and SO 2 . The most important factor was O 3 in spring in Taipei. In children aged 0-6 years, asthma was associated with O 3 in Taipei and SO 2 in Kaohsiung, after controlling daily mean temperature and relative humidity.
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